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Abstract 
Mesoscale models have been successfully used to simulate impact on fabrics and composites at ordnance velocities. There are many 
advantages of the mesoscale models: 1) individual components of the model (e.g. yarns) can be easily tested to check if they capture the 
important physics of the problem, 2) the components of the model often have simple material models (e.g. a yarn is often linear elastic up 
to failure), and 3) a multi-tier validation with material and ballistics tests at meso- and macroscale levels can be performed. The authors 
have successfully developed mesoscale models for a glass fiber reinforced composite (S-2 glass fiber with epoxy resin) that were 
validated by unconventional composite tests (e.g., torsion, out-of-plane delamination). In this paper the models are exercised at impact 
velocities ranging from 2 to 5 km/s. The original material models have simple constitutive laws (linear-elastic and elasto-plastic) that, in 
principle, have limited validity for hypervelocity impact. Therefore, modifications are made to better model the high-rate behavior of the 
epoxy resin matrix. The simulation results capture complicated damage mechanisms that might provide insight into future experimental 
data. 
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1. Introduction 
Glass-fiber reinforced composites can be used to manufacture structures with high stiffness and strength but also low 
mass. One possible application for these materials is in space-based structures, which are very expensive to transport against 
Earth’s gravity, Thus, mass reduction of these structures may lead to significant cost savings. However, these structures are 
sometimes subjected to high-velocity impacts from orbital debris and other sources [1-3], which leads to damage that can be 
difficult to numerically simulate using traditional continuum models. Mesoscale models can overcome some of these 
difficulties, as they can reproduce complicated nonlinear deformation and failure behaviors even when the individual 
components of the model (e.g. yarns, matrix) are defined using simple material constitutive models. There are multiple 
investigations featuring the use of mesoscale models to simulate lower velocity ballistic impacts of glass-fiber composites 
[4, 5], but there is far less available information regarding the use of mesoscale models to simulate hypervelocity impacts. 
Chocron et al. [6] conducted mechanical tests on two S-2 glass/SC-15 epoxy resin composite materials (plain-weave and 
3D-weave) to study their response to tension, torsion, and delamination in multiple directions. The purpose of these tests 
was to generate data that could be used to validate mesoscale models under a variety of loading conditions. Carpenter et al. 
[7] constructed mesoscale models describing the two composite architectures in LS-DYNA. The models successfully 
reproduce almost all of the complicated deformation and failure mechanisms observed during Chocron et al.’s numerous 
tests. They were also able to validate the mesoscale models for lower-velocity ballistic impacts [8] using data from Yen [9].  
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Nomenclature
σy equivalent yield strength (MPa) 
̇ε* strain rate, nondimensionalized  by 1 s-1 
TH  Hugoniot temperature (K) 
CP specific heat (J/kg-K) 
c0 bulk sound speed (m/s) 
ε volumetric strain 
k Hugoniot slope 
T0 initial temperature (K) 
Γ0 Gruneisen gamma 
ΔTp temperature increase due to plastic work 
β fraction of heat generated from plastic work 
ρ material density 
εp plastic strain 
 
 
Therefore, the mesoscale models might also provide some insights into the behavior of S-2 glass composites during 
hypervelocity impact. 
The purpose of this study is to demonstrate that the mesoscale models developed by Carpenter et al. [7] can be applied to 
impact events with velocities up to 5 km/s. Select aspects of the models, particularly the resin matrix, were modified to 
better replicate the response to shock pressures generated during high-velocity events. Numerical simulation results are used 
to quantify the energy absorbed by the composites during impact and the resulting damage extents. Unfortunately, there are 
no similar data available in the literature that can be used to validate the models at high velocity. Nevertheless, it is hoped 
that the study results can guide the interpretation of future experimental data. 
2. Mesoscale Model Descriptions 
2.1. Geometries 
Two S-2 glass composite architectures were characterized by Chocron et al. [6]. The first is a plain-weave architecture 
with approximately 15 interwoven layers of 250-yield S-2 glass yarns per cm of composite thickness. The yarns within each 
layer were spaced 5.1 mm apart. An SC-15 epoxy resin matrix surrounded the S-2 glass layers, resulting in a matrix volume 
fraction of 47.8% and a yarn volume fraction of 51.2% (1.0% void). Figure 1(a) is a close-up, side-view photograph of the 
plain-weave architecture. The second architecture is a 3D-weave architecture with unidirectional 250-yield fill and warp 
yarns. Each fill/warp yarn layer is approximately 1.3 mm thick. The fill yarns are spaced 2.1 mm apart, while the warp yarns 
are spaced 3.2 mm apart. 1250-yield Z-yarns weave up and down perpendicular to the fill yarns, holding the layers together. 
Figure 1(b) is a close-up, side-view photograph of the 3D-weave architecture. 
Both architectures were meshed using solid hexahedral elements to represent the yarns and surrounding matrix. The 
yarns consisted of only one element through their thickness, which typically contained only a single integration point. The 
exception is the Z-yarns in the 3D-weave architecture, which are instead comprised of elements with 8 integration points. 
This allows for more accurate calculation of the bending stresses for these yarns, which are tightly wrapped around the fill 
yarns and can fail in bending during some deformation modes. Interfaces between the yarns and matrix are meshed with 
cohesive elements, which are essentially a pair of planes connected by nonlinear springs that can resist motion and fail both 
parallel and perpendicular to the planes. For the plain-weave mesh, all interfaces are modeled this way. The 3D-weave mesh, 
however, has many more yarn/matrix interfaces than the plain-weave mesh, so engineering judgment was required to 
determine which interfaces warranted cohesive elements. The matrix elements were placed to surround the yarn elements; 
typically there were one to three matrix elements between yarn elements in adjacent layers. Images of the plain-weave and 
3D-weave meshes are shown in Figures 1(c)-(d), respectively. Further details can be found in [7]. 
2.2. Material models 
Each of the matrix, yarns, and cohesive interfaces are described by relatively simple material constitutive models. The 
resin matrix behaves approximately as an elastic-perfectly plastic material. Tests of the stand-alone resin indicate that its 
yield behavior is better described by a pressure-dependent shear stress than an equivalent stress, so the Mohr-Coulomb 
elastic-plastic model was used in numerical simulations. The glass yarns are orthotropic elastic, such that the Young’s 
modulus along the yarn axis is ten times that of the off-axis Young’s and shear moduli. This convention has been 
successfully used to model the response of fabrics to ballistic impact [10, 11]. Yarn elements are eroded if the principal 
stress exceeds the failure strength of the yarn (estimated as 2.9 GPa). The yarn/matrix interfaces are described by a cohesive 
material model that assigns separate failure stresses parallel and perpendicular to the interface. The plain-weave and 3D-
weave composite models utilize the same material constants for the yarns and the matrix, but the interfaces in the plain-
weave composite fail at different stresses than the 3D-weave composite. More detailed descriptions of the material 
constitutive models can be found in [7]. 
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Fig. 1. Photographs of the (a) plain-weave and (b) 3D-weave composites are shown. These can be compared to the corresponding meshes used to model the 
(c) plain-weave and (d) 3D-weave architectures. The matrix is shown in red, fill and warp yarns are shown in blue and green, respectively, and Z-yarns are 
shown in orange. Cohesive interfaces are thin, so they are not readily visible in the screenshots. 
3. Modifications for Hypervelocity Impact 
3.1. Addition of epoxy resin matrix equation of state 
The Mohr-Coulomb elastic-perfectly plastic material model used in the original mesoscale models captures the pressure-
dependent and shear-yielding aspects of the resin’s strength. Unfortunately, this material model cannot be used with an 
equation of state (EOS) in LS-DYNA. During a hypervelocity impact, it is expected that the strength of the resin is 
negligible compared to its inertial behavior, i.e. the material behaves hydrodynamically. Thus, a simpler Johnson-Cook 
approximation (with no hardening) was used to model the resin’s strength, 
   *ln0381.0171 HV  y  MPa
     
(1) 
No temperature-dependence of the yield stress was considered, although the matrix yield stress is already unlikely to have a 
significant effect on the composite’s response at high velocity. This model yields based on the von Mises stress, not the 
pressure-dependent shear stress of the Mohr-Coulomb model. More importantly, the Johnson-Cook model can be used in 
LS-DYNA with an EOS. Specifically, the hydrostatic stresses within the resin are described by the Mie-Gruneisen 
coefficients for “epoxy resin” determined by Los Alamos National Laboratory [12], which are summarized in Table 1. 
Table 1. Epoxy resin Mie-Gruneisen parameters 
Density (g/cm3) Specific heat (J/g-K) Bulk sound speed (km/s) Hugoniot slope Gruneisen gamma 
1.14 1.982 2.73 1.493 1.13 
 
It should be noted that the use of an EOS when modeling the S-2 glass yarns might also increase the accuracy of the 
simulation. Unfortunately, the orthotropic elastic material model used to model the yarns in LS-DYNA does not admit an 
EOS, so the hydrostatic behavior of the yarns continued to be governed by the bulk modulus during the hypervelocity 
simulations. 
3.2. Failure due to temperature increase 
No failure model was ascribed to the epoxy resin matrix when the original composite models were created. During 
quasistatic loading, the composite instead typically fails through either yarn breakage or matrix/yarn delamination. 
(a) (b) 
(c) (d) 
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However, the temperature of the resin can increase during dynamic loading. Anderson and Wauters [13, 14] used 
thermogravimetric analysis to determine that an epoxy resin vaporizes at approximately 573 K. This criterion can be used as 
a failure model for the matrix in dynamic numerical simulations. However, LS-DYNA currently has no accurate method for 
calculating the temperature increase from the mechanisms that govern adiabiatic heating. Alternatively, an approximation 
based on the imposed strain can instead be used to determine failure. 
Adiabatic heating of the resin can occur through two mechanisms. Most importantly, the shock loading of a material will 
lead to an internal energy increase. For a material governed by the Mie-Grüneisen EOS, the temperature resulting from 
shock compression is related to the imposed volumetric strain and can be approximated as the Hugoniot temperature [15] 
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Given the EOS used in the simulations and an initial temperature of 298 K, the resin is expected to reach the vaporization 
temperature of 573 K at ε = 0.29. Note though that the expected pressure during the compression is 7.66 GPa, while the 
vaporization temperature was determined at atmospheric pressure. Therefore, the temperature after unloading might be a 
better predictor of the matrix’s degradation.  This temperature is given by [15] 
  H0exp * HU TT
   
(3) 
To reach an unloaded temperature of 573 K, the matrix must reach a volumetric strain of 0.35 during the impact. Thus, this 
strain was used to describe failure of the resin matrix during the simulations. Elements that met the failure criterion were 
eroded from the mesh. 
Plastic deformation of the resin can also lead to a temperature increase [15], 
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At the fast strain rates characteristic of hypervelocity impact, this process is assumed to be adiabatic, i.e. β = 1. For an epoxy 
resin density of 1.14 g/cm3 [6], a specific heat capacity of 1.982 J/g-K [12], and an average flow stress of 71 MPa, ΔTp is 
only expected to be 11 K after a strain of 0.35. The temperature increase due to plastic work is small compared to that from 
shock heating; thus, the temperature increase due to plastic work was neglected during the numerical simulations. 
3.3. Additional minor modifications 
The orthotropic elastic material model (*MAT_ORTHOTROPIC_ELASTIC) in LS-DYNA does not allow for a strain-
rate dependence during the simulation, so the material constants must be chosen for a particular strain rate. Interestingly, a 
limited set of simulations at velocities near 400 m/s [8], which were compared to experimental data [9], suggest that the 
most realistic results are obtained when using the quasistatic strength of the glass yarns (σf = 2.9 GPa). The reason for this 
behavior is unclear; regardless, the quasistatic strength was used for the current simulations. Also, the Z-yarns in the 3D-
weave architecture were converted from fully-integrated elements to constant stress elements. The fully-integrated elements 
were used to model the yarn bending stresses, which are important during, for example, a quasistatic delamination test. The 
bending stresses are far less likely to affect the results during hypervelocity impact, and the reduced number of integration 
points in the constant stress elements help to speed up the computations. 
4. Description of hypervelocity LS-DYNA simulations 
Simulations were conducted in LS-DYNA to study the response of the composite models to hypervelocity impact. In 
each simulation, a 200×200×6.35 mm composite panel mesh was subjected to impact by a 12.7-mm diameter sphere of Al 
1100-O. This material was chosen because the average orbital debris density is approximately 2.8 g/cm3 [16], i.e. the 
densities are similar. The strength and failure of the Al 1100-O are governed by the Johnson-Cook parameters from Johnson 
and Holmquist [17], while the EOS utilizes Mie-Gruneisen parameters from Steinberg [18]. At the beginning of each 
simulation, the projectile is meshed using constant stress solid elements. However, it is expected that the aluminum will 
undergo extreme deformation during impact, so the solid elements are converted to smoothed-particle hydrodynamics 
(SPH) particles once the erosion criterion (Johnson-Cook failure strain from [17]) is reached. Only failed elements are 
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converted to SPH particles, so the particles have no strength. The SPH particles can still interact with the target through 
pressure contact, although they tend towards instability at late simulation times. By these times, however, the projectile is no 
longer interacting with the target. Thus, late-time behavior does not affect the target response. SPH particles are removed 
from the simulation if their velocity exceeds 10000 m/s, so as to prevent instabilities. Target elements are simply eroded 
once the respective failure criterion is reached. Both the plain-weave and 3D-weave architectures were simulated at impact 
velocities of 500, 1000, 2000, and 5000 m/s. An example screenshot of the simulation setup is shown as Figure 2. 
 
Fig. 2. A side view of the initial setup for the hypervelocity impact simulations is shown. The Al 1100-O projectile is shown in purple, while the colors for 
the target components are the same as listed in Figure 1. 
5. Results and Discussion 
5.1. Images 
Some sample cross-sections from the simulations are shown after 80 μs in Figure 3. At 500 m/s, the target response 
resembles that observed in similar (though not identical) lower-velocity experiments on glass-composite panels [19, 20]; the 
delamination extent is greater in layers further from the impact side, layer failure occurs in order starting with the impact 
side, and a shallow, wide bulge is formed on the back of the target. Both targets successfully stop the 500 m/s projectile, but 
perforations are observed in the higher-velocity simulations, which indicate the ballistic limit for these projectile/target 
combinations are between 500 and 1000 m/s. At velocities above 1000 m/s, the resulting failure pattern is much more 
symmetric with respect to the midplane of the composite panel. In these cases, less than half of the projectile’s initial kinetic 
energy is absorbed by the target, indicating that the target is quickly outmatched as velocity increases. The resulting holes 
for the higher velocity impacts tend to be 2-4 times the diameter of the projectile.  
The simulation results suggest that a high-velocity impact imparts significant radial momentum to the target. Figure 4 
shows the resulting hole for the 5000 m/s plain-weave simulation at (a) 5 μs, (b) 20 μs, and (c) 80 μs. The projectile has 
already exited the target at 5 μs, so there is negligible projectile/target interaction beyond this point. Regardless, the hole 
continues to grow, imparting additional damage and delamination to the target. Figures 3(a) and (c) indicate that the 
imposed momentum affects different layers in different ways. The layers nearest the front and back surfaces are less 
constrained, so they are able to peel away from the rest of the target, resulting in a larger hole in these layers. The layers 
closest to the center of the target are constrained by the surrounding layers, so any further hole growth must come from 
radial compression of the composite’s constituents themselves, which is more difficult and results in a smaller hole within 
these layers, although even this hole is somewhat larger than the projectile diameter. 
5.2. Damage and Delamination Measurements 
The projectile’s impact can damage the target in multiple ways. At 1000 m/s and above, the projectile perforates both 
composite architectures, leaving a hole in the target. However, the resulting radial momentum from the impact also leads to 
significant delamination extending many projectile diameters from the point of impact. The simulation results can provide 
quantitative estimate of these damage mechanisms.  The resin mass loss is estimated from the mass of eroded matrix 
elements. The minimum and maximum hole diameters, which occur in the center and surface layers of the composites, 
respectively, were also measured. Delamination is more difficult to quantify, as different numbers of cohesive elements fail 
in different layers within the target. It is possible to estimate the average delamination area through each target by counting 
the total number of failed cohesive elements. The ratio of this number to the original number of cohesive elements is 
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proportional to the average delaminated area of the target divided by the total area of the target (400 cm2). These damage 
and delamination measurements are provided in Table 2. 
  
  
Fig. 3. The cross-sections of the projectile and target are shown for the plain-weave (a, b) and 3D-weave (c, d) simulations at 500 (a, c) and 5000 (b, d) 
m/s. 
  
Fig. 4. The evolution of the target hole during the 5000 m/s plain-weave simulation is shown at (a) 5 μs, (b) 20 μs, and (c) 80 μs. Note that the projectile 
has already cleared the target by 5 μs. 
At 500 m/s, both targets successfully stop the projectile, resulting in minimal resin loss. Note that even this resin loss 
may be overstated, as the failure criterion was developed assuming a very fast impact. However, significant delamination 
still occurs even at this velocity. At faster velocities, perforation occurs, although the hole that develops does not increase 
monotonically with impact velocity. Above 1000 m/s, the plain-weave composite tends to exhibit smaller minimum hole 
diameters and larger delamination areas than the 3D-weave composite. This suggests that the radial momentum imparted to 
the target during perforation can be dissipated either through inter-layer delamination or radial expansion of the hole. The 
3D-weave composite’s interfaces are generally stronger than those of the plain-weave composite, and the presence of the Z-
yarns also helps to hold layers together, so less delamination occurs at these velocities. However, this reduces the likelihood 
that layers between the composite surface and midplane will peel back. Thus, momentum must instead be dissipated by 
increasing the minimum hole diameter through compression. The max hole diameters are more similar between the two 
composite architectures, so the surface layers are less subject to this tradeoff. In other words, it is easy to peel back the 
surface layers regardless of the exact strength of the interface, because they are relatively unconstrained. 
(a) (b) 
(c) (d) 
(a) (b) (c) 
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Table 2. Damage extents for each impact. All results are 80 μs after impact. 
Architecture Impact 
velocity (m/s) 
Resin mass 
loss (g) 
Min hole 
diameter (cm) 
Max hole 
diameter (cm) 
Average delamination 
area (cm2) 
Delaminated 
interface % 
Plain-weave 500 0.30 N/A N/A 74.4 18.6 
 1000 2.40 2.49 4.88 138.4 34.6 
 2000 2.39 2.35 5.64 170.1 42.5 
 5000 2.15 2.19 5.74 200.3 50.1 
3D-weave 500 0.33 N/A N/A 151.2 37.8 
 1000 4.67 3.56 4.87 126.6 31.7 
 2000 5.10 3.95 5.22 146.9 36.7 
 5000 3.10 2.96 4.11 125.8 31.5 
 
 
Fig. 5. The remaining cohesive elements representing the yarn/matrix interfaces in the (a, c) plain-weave and (b, d) 3D-weave simulations are shown after 
80 μs for impact velocities of (a, b) 500 m/s and (c, d) 5000 m/s. Although not shown, the fill yarns are oriented in the horizontal direction, while the warp 
yarns are oriented in the vertical direction. 
Delamination within the plain-weave and 3D-weave composites progresses differently. The delamination area of the 
plain-weave composite increases with impact velocity over its entire range. However, delamination of the 3D-weave 
composite is relatively insensitive to impact velocity. At 500 m/s, the delamination area of the 3D-weave composite is larger 
than for the plain-weave composite, despite the fact that the interfaces of the 3D-weave composite are stronger than in the 
plain-weave composite. This suggests that it might be easier to pull out the unidirectional fill and warp yarns with the 3D-
weave composite than it is to pull out the woven yarns within the plain-weave composite. Figure 5 shows the resulting 
delamination patterns for the two composites at 500 m/s, which are consistent with this hypothesis. However, delamination 
(a) (b) 
(c) (d) 
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of the plain-weave composite is much more extensive at higher velocities, while the stronger interfaces and Z-yarns in the 
3D-weave composite help to prevent further delamination increases with increasing impact velocity, which is also apparent 
in Figure 5. 
6. Conclusions 
Simulations of hypervelocity impact on S-2 glass/SC-15 epoxy resin composite panels were conducted using mesoscale 
models developed from data obtained from a wide variety of mechanical tests. The models were modified to better simulate 
the response of the resin matrix at high velocity. The simulations suggest that there is a tradeoff between the interlayer 
strength of a composite and the resulting minimum hole diameter. They also predict that delamination progresses differently 
in a plain-weave composite than it does in a 3D-weave composite. Note though that the focus of this article is on target 
response. Because failed elements are deleted from the computation, there is no accurate rendition of the debris cloud. 
The results suggest that the mesoscale model can be used to obtain damage measurements not traditionally available 
from continuum models, but it should be reiterated that there is currently no existing experimental data that can be used to 
validate the models in the hypervelocity impact regime. Ideally, this data would include detailed measurements of 
delamination area, hole diameter, and high-quality photographs of the resulting failure patterns. These data could then be 
used to validate the damage mechanisms proposed in this paper. 
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